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Abstract 
Limitations in the geological reserves of phosphate rock, the source of fertilizer 
phosphorus, are not currently considered in agricultural practices or global trade, a 
very short-sighted approach considering that there is no “alternative fuel” for plant 
growth. Thus, it is important to understand the science of phosphorus-crop growth 
dynamics as a function of grain type, plant uptake, climate, and past fertilizer 
phosphorus application history. Recent work on modeling these factors on the global 
scale (Kvakić et al., 2018) provides the first scientific backdrop for developing an 
understanding of fertilizer phosphorus balances, and for informing forward-looking 
practices and policies that regulate toward long-term sustainability rather than short-
term profit.  
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Introduction 
Feeding 7.3 billion humans equitably and adequately is challenging enough—feeding 10 
billion humans in 2050 while our crops begin to experience substantial fertilizer 
limitations might simply be too much. Although much work is underway to either 
engineer the crop or engineer the system—the so-called “Wizard vs. Prophet” model 
describing crop scientist Norman Borlaug versus environmentalist William Vogt (Mann, 
2018)—the reality is that the key linchpin to the entire food system relies on one 
element, and one element only, that is in vanishingly short supply. That element, 
phosphorus (P), is present in only minute quantities in rocks on Earth (0.09 wt%), and 
once P is liberated from minerals during weathering it is quickly sequestered in a 
number of more recalcitrant phases, limiting its day-to-day accessibility to plants and 
organisms. Sure, the fertilizers that fueled the “Green Revolution” contain nitrogen and 
potassium as well, but the former is plentiful from our atmosphere and the latter 
similarly plentiful in evaporite deposits. Unlike energy, which has many alternatives for 
production outside of the one (fossil fuel) that has dominated the globe over the past 
century, there is no Plan B for P (e.g., Filippelli, 2008). It is the ultimate speed limit to 
our global food systems (Cordell et al., 2009), and hence our global societal structure. 
A paper published here by Kvakić et al. (2018) provides for the first time a roadmap 
toward understanding the global distribution of P fertilizer application plus a crop-
specific uptake model tied to climate. This work follows closely on previous work by 
some of these authors on phosphorus model development (Ringeval et al., 2017) and a 
backdrop of global fertilizer P distribution studies (e.g., Bennett et al., 2001; Smil, 2000; 
MacDonald, et al., 2011) that have advanced the field to the point where science-based 
controls can be placed on human choices (crop cover and type, fertilizer applications) 
coupled to climate to yield a basis for forward-thinking strategies to balance global 
fertilizer use policies. This type of analysis thus plays a critical role in understanding 
where we are fertilizer-limited as a function of crop choice and climate, and where 
excess fertilizer P already resides on the landscape, awaiting either different agronomic 
engineering (à la Borlaug) or conservation (à la Vogt) solutions to providing a hungry 
planet with adequate nutrition while the phosphorus cupboards are becoming empty.  
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The limiting factor—phosphate rock reserves 
The reserves of phosphate rock, the source material for fertilizer P, with the highest 
economic viability have already been exploited (Filippelli, 2011). The clean high quality 
guano phosphates from low-lying atolls in the central Pacific such as Banaba Island and 
Nauru have been completely exploited for decades now, although there is some 
discussion of re-mining the spoil piles given the high phosphate costs. Many of the more 
P-rich horizons from standard phosphate rocks have also been depleted, resulting in
average P content of mined phosphate ore to decline from 15% P in 1970 to less than 
13% P by 1996 (Smil, 2002). Furthermore, the distribution of viable phosphate rock 
reserves is not at all uniform, with one small region (Morocco and Western Sahara) 
containing 75% of global reserves (Cooper et al., 2011)—this has clear geopolitical 
implications with respect of trade partnerships and international relations. 
The combination of recognized limitation and increased demand has resulted in higher 
prices (Fig. 1), which then has knock-on impacts on food costs. Some of the volatility in 
the phosphate market might also have been the result of the development and eventual 
dismantling of a limited number of “phosphate cartels” which controlled the mining and 
distribution of processed phosphate rock (Taylor and Moss, 2013), thus changing the 
competition landscape for this resource. Regardless of the market drivers, there is 
clearly market recognition of phosphate rock limitation, even though no real 
international discussions have taken place revolving around this issue. The declining 
quality of current reserves and the inherently low economic viability for, and high 
environmental consequences of, extraction from other potential phosphate rock 
resources signals a need for a careful examination of P usage. Clearly, economics 
engenders innovation, and we will see technologies and environmental controls in the 
next century that will open up some currently uneconomic phosphate rock resources to 
extraction. But we should be equally clear in realizing that there is no technological 
“out” for the P problem. There simply are limited resources on the earth’s surface, and 
there is no biological replacement for elemental P. 
Current grain cropping systems demand high quantities of fertilizer P, which must be 
available for plant uptake at the right time and at a plant-favorable rate to maximize 
production. Agronomists and soil scientists continue to spend considerable effort to 
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understand P concentration, geochemistry, and uptake kinetics so as to apply P at the 
right time, in the right form, and at the right rate so as to optimize P that goes into the 
crop instead versus being sequestered in soils or lost through infiltration or runoff (e.g., 
Richter et al., 2009). The practical application of this to farmers is to minimize fertilizer-
P loss, which both costs money and also costs the environment via downstream 
eutrophication. The application of this knowledge is exemplified by precision 
agriculture techniques in the more developed countries. Precision agriculture and 
artificial fertilization have seemingly overcome most of the biogeochemical limitations 
on P available to crops, but a closer look reveals that P is up to its old tricks—building 
up in certain climate zones on fields that have been under cultivation for long periods of 
time, yet remaining unavailable under current cropping systems. Furthermore, vast 
regions have never received adequate fertilization and thus substantially under-
produce from a lack of P. The application of fertilizer P is thus driven by local and 
regional economics and capacity, and not tuned for sustainability. This is exacerbated 
when considering global sustainability and limited supplies of P available for fertilizer 
production. 
A portion of the applied P fertilizer will inevitably be sequestered by soil before plant 
uptake, and rain coming at inopportune times will continue to result in off-field P losses. 
Nevertheless, enough is now known about on-field P dynamics to begin extrapolating 
the net balance of fertilizer P inputs, retention, and off-field loss as a function of soil 
type, climate, and crop type, and indeed to attempt to do this at a global scale. These 
global P balance models have begun to show the stark realities of global fertilizer 
imbalances, as well as the limitations of our current grain production systems. This is 
particularly true given that large-scale grain production follows a pathway of grain to 
animal feed (and/or oil production) to human consumption, a calorically-inefficient 
system that is only become more widespread as Lower and Middle Income Countries 
transition to increasingly meat-heavy diets. 
This brings science, and society, to an interesting intersection—coming to grips with the 
multiple pressures of feeding a growing and increasingly meat-hungry population under 
an ever-changing climate, depending on fertilizers and a global distribution patterns for 
both the fertilizer and the resultant food produced. This intersection is fraught enough 
with uncertainties without adding the very real issue of limitation in the availability and 
 © 2018 American Geophysical Union. All rights reserved. 
quality of phosphate that can be mined from rocks, and the economics and geopolitics 
that arise from a resource that is geologically based in only a few countries. The current 
modus operandi is to take this limited resources from its concentrated from, distribute 
it based on some set of proximal economic and ecological demands, process that 
originally concentrated source through grain crops, animals, and humans without much 
or any regard to recycling, and ultimately to return it to the environment in a very dilute 
form, where to make matters worse it causes continued issues with eutrophication and 
environmental degradation. 
 
Using advanced modeling to predict global crop-specific limitation 
A number of recent advances in our understanding of global P dynamics have 
significantly informed our understanding of the historical legacies of fertilizer 
application as well as the future agronomic needs of fertilizer P and a backdrop of global 
fertilizer P distribution studies (e.g., Bennett et al., 2001; Smil, 2000; MacDonald, et al., 
2011; Ringeval et al., 2017; Kvakić et al., 2018). The most recent of these, Kvakić et al. 
(2018) provide a starting point for future decisions on P distribution. First, they 
separate the crop P demand for winter wheat, maize, and rice, all as  a function of 
climate, P plant distribution, C:P ratios, and other factors. Next, they couple that to soil P 
supply, which is a function of extant soil P, fertilizer P input, and plant available P. Using 
these two factors, Kvakić et al. (2018) are able to calculate net P limitation on a global 
scale. They find that, as a global average, the current (or at least the year 2000 scenario 
that they used) soil P levels are adequate to sustain the theoretical crop yields, largely 
due to the history of global fertilizer P application. But the analysis also reveals 
significant spatial differences in the P limitation and the yield gap, with large legacy 
fertilizer P inputs needed to overcome P limitation in large parts of Central Asia, Africa, 
North and South America. By including current year fertilizer P inputs into the model, 
the yield gap is relieved except for western North America, southern South America, 
Africa, and Central Asia, owing to the P-poor nature of soils. This is particularly true for 
P-hungry maize, which is grown around the world, but based on these results grown 
very inefficiently with respect to P utilization in the low soil P supply areas of Central 
Asia and Africa.  
 © 2018 American Geophysical Union. All rights reserved. 
Collectively, these results begin to paint a picture of how crop choice, historical fertilizer 
application, and climate and soil factors interact, and particularly how understanding 
different crop-P uptake dynamics can better inform what crops to grow where, and 
where fertilizer P augmentation will be most beneficial for increasing total grain 
production. With 7.3 billion and counting mouths to feed, this is an important 
consideration. 
 
 Unresolved Science 
A number of intriguing and important questions remain about the science and the 
implementation of these phosphorus utilization models. Some of these relate directly to 
the soil biogeochemical dynamics of P, which are relatively complicated, and others 
relate to national and international trade policies and agreements that recognize our 
current inefficient, and unjust, P distribution and application processes and work to 
incentivize balancing P trade and application to push back to the time of P reserve 
depletion. 
On the science side, the model-based examination of P fertilization needs developed in 
Kvakić et al. (2018) depends heavily on the basic P geochemical data, which the authors 
note is perhaps one of the more poorly-quantified inputs, plus a whole set of P cycling 
and plant utilization equations. Additional factors to consider include perhaps the most 
important variables that impact phosphorus-plant interactions—phosphatase and 
mycorrhizal fungi. Phosphatase is an enzyme produced by plants at great metabolic cost 
to bind plant-available phosphorus before it becomes lost through runoff or 
immobilization. Mycorrhizal fungi are a plant root symbiont that significantly enhances 
the effective root surface area for phosphorus binding. Some recent global studies of 
both of these factors indicate that, like with phosphorus-plant dynamics, both of these 
also vary according to climate, soil type, and other factors. Detailed on-field and 
experimental work on P sequestration has revealed the critical role that organic carbon, 
nitrogen, and iron mineral biogeochemistry play in modulating P sequestration and 
release kinetics (e.g., Keiluweit et al., 2012; 2015). A global analysis (Margalef et al., 
2017) reveals a wide range in phosphatase activity, controlled largely by nitrogen 
(interestingly, not organic P content), with climate and soil type additional correlated 
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variables. A global meta-analysis of mycorrhizal fungi data (Soudzilovskaia et al., 2015) 
also reveals climatic controls on fungi colonization, with soil chemistry (including 
carbon-to-nitrogen ratios) additionally influencing abundance. There seems to be no 
end to the variables that control soil P cycling and crop use efficiency, and many of 
them, like climate, are also changing. Regardless, the knowledge structure that has now 
extended to a global scale will continue to inform estimates of resource use efficiency 
and sustainability. 
Pathways forward 
Developing a more balanced and pseudo-sustainable global P cycle requires two distinct 
priorities: (1) Better science to inform better management in the short term, and (2) 
Implementing better management to adjust to scarcity in the long term. Better 
management is underpinned by the need for more science, particularly that that reaches 
across a discipline divide. This divide is between biogeochemists and agronomists who 
are developing detailed and realistic on-field and in-lab experiments of P behavior in 
soils, and global modelers who are utilizing relatively more simplistic models of P soil 
behavior integrated into ecosystem and climate models to characterize P resource and 
utilization deficits. I would argue for studies that test the Kvakić et al. (2018) model 
output using detailed regional studies to see how predictions hold up, and identify 
whether key measurable variables exist that may improve the quality of P soil 
behavioral data fed into the global model.  But the “science informing better 
management” may be the easier of the two pathways.. 
Better management will require acknowledging two key principles—that the current 
“free market” for global P distribution and agriculture isn’t fair, and it doesn’t 
adequately account for resource scarcity (Foley et al., 2011; Cordell and White, 2011; de 
Ridder et al., 2012). A good example of the failure of the free market to balance global P 
distribution is China, which is largely sitting on its reasonably abundant P reserve and 
importing phosphate rock while protecting their own P reserve from export by the 
application of various protectionist tools (such as export tariffs and export quotas; de 
Ridder et al., 2012). And one needs look no further than the largely un-fertilized 
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continent of Africa to see the unfairness in global P distribution and application for 
agriculture (Bennett et al., 2001).  
Water is the “oil” of the 21st century. Will phosphorus become the “water” of the 22nd 
century? Based on current use and reserve quantity, it certainly seems so (Fig. 1). But 
this needn’t be the case. With a better understanding of soil P dynamics, we can better 
manage current fertilizer P applications, and with a better understanding of the global 
soil-plant-climate picture, we can better manage global P use efficiency. Furthermore, a 
host of P recycling and reclamation studies are currently underway to limit P wastage 
from our fields and our cities. But even together, these efforts will not permanently 
forestall a food production crisis at some point in the not-too-distant future. Whether 
that comes in the 22nd or the 25th century is solely dependent on us recognizing the 
pivotal role that P plays in global society, and treating it not as a limitless commodity 
but instead as the vital nutrient that it is.  
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Fig. 1. Increase in world population (UN, 2017), annual phosphate rock mining (USGS, 
2018), annual cereal production (FAO, 2017), and price of phosphate (USGS, 2018) from 
2003-2016. The world population increase is being supported by increased food 
production and greater global demand for phosphate rock fertilizer, which in turn has 
resulted in an increase in the price of phosphate, although the latter is also strongly 
influenced by global trade patterns of market volatility. Note that the total amount of 
phosphate reserves are 68,000 thousand metric tons (USGS, 2018), indicating that 
reserves will be 50% depleted under the current annual rate of extraction by about the 
year 2150. This of course assumes that we have accurately characterized reserves and 
can project forward demand—there is wide scatter in various published estimates of 
the 50% depletion timeframe (e.g., Smil, 2000; Filippelli 2008; Cordell and White, 2011) 
and like the Hibbert “peak oil” curve, should be viewed with caution. 
